Gender and Telomere Length 157
On average, women in the United States outlive men by 4.9 years (Minnino 2011) . Studies suggest that gender differences in leukocyte telomere length (LTL), a marker of cell aging, may contribute to women's greater longevity (Aviv et al. 2005; Stindl 2004; Barrett and Richardson 2011) . While a growing body of evidence has demonstrated that women have longer telomeres than men (see Sanders and Newman 2013 for a review), prior research has not examined the mechanisms linking gender to telomere length. Using data from the Multi-Ethnic Study of Atherosclerosis (MESA), a population-based study of women and men aged 45 to 84, the current study examined biological and behavioral explanations for gender differences in LTL.
The Telomere Hypothesis of Aging
Telomeres naturally shorten with mitosis; every time a cell divides, a portion of the telomeric DNA fails to replicate as a result of the "end replication problem" (Blackburn 2005) . Oxidative stress also contributes to telomere loss (von Zglinicki 2002) . Although telomerase can counteract shortening by elongating and protecting telomeres (Blackburn 1997) , this enzyme is expressed at very low levels in normal somatic human cells. When telomeres become critically shortened, cellular senescence is triggered, and cells lose their ability to divide (Blackburn 2000; Blasco 2005 ).
In addition to being a key mechanism of cellular aging, telomere shortening has been hypothesized to contribute to organismal aging as well (Aubert and Lansdorp 2008) . Human mutations causing short telomeres have been linked to a group of conditions collectively called "telomere syndromes" that resemble the premature onset of common age-related diseases, including cancer and liver disease (Armanios and Blackburn 2012) . Moreover, epidemiologic studies have found that shorter telomere length is associated with numerous diseases of aging, including cardiovascular disease (Samani et al. 2001; Brouilette et al. 2007; Fitzpatrick et al. 2007; , type 2 diabetes (Zee et al. 2010; Salpea et al. 2010 ), dementia (von Zglinicki et al. 2000 Panossian et al. 2003; Yaffe et al. 2011) , and cancer Wentzensen et al. 2011) , independent of chronological age. While some studies have failed to find an association between telomere length and survival (Harris et al. 2006; Njajou et al. 2009; Strandberg et al. 2011; Bischoff et al. 2006 ), the majority of epidemiologic studies have found that shorter telomere length is associated with increased odds of mortality (Astrup et al. 2010; Cawthon et al. 2003; Epel et al. 2009; Fitzpatrick et al. 2011; Honig et al. 2012; Kimura et al. 2008; Lee et al. 2012; Martin-Ruiz et al. 2006; Weischer et al. 2012; Bakaysa et al. 2007; Farzaneh-Far et al. 2008) .
Consistent with the telomere hypothesis of aging, older people tend to have shorter telomeres than younger people, but there is substantial inter-individual variation in telomere length (Muezzinler, Zaineddin, and Brenner 2013) . Evidence from twin studies suggests that telomere length is heritable, with estimates of heritability ranging from .36 (Andrew et al. 2006) to .44 (Njajou et al. 2007) . Of note to social and behavioral scientists, there is also evidence that telomere length is modified by environmental risk factors, such as exposure to lead (Wu et al. 2012 ) and air pollution (Hou et al. 2012) ; behavioral risk factors, such as smoking (McGrath et al. 2007) , physical activity (Ludlow and Roth 2011) , and processed meat consumption (Nettleton et al. 2008) ; and psychosocial risk factors, such as low socioeconomic status (SES) (Needham et al. 2013) , depression (Simon et al. 2006) , and perceived stress (Epel et al. 2004 ). Downloaded by [141.211.9 .179] at 12:09 28 October 2014
Gender Differences in Telomere Length
A number of studies have found that women have longer telomeres than men during adulthood (Benetos et al. 2001; Cawthon et al. 2003; Jeanclos et al. 2000; Nawrot et al. 2004; Slagboom, Droog, and Boomsma 1994; Mayer et al. 2006; Moller et al. 2009; Diez Roux et al. 2009) , and a recent review of the literature on telomere epidemiology concluded that the association between gender and LTL has been observed consistently across studies (Sanders and Newman 2013) . Explanations for gender differences in LTL have focused primarily on biological factors. There is some evidence that estrogen may reduce oxidative stress, which has been shown to accelerate telomere shortening (von Zglinicki 2002) , and that estrogen stimulates the production of telomerase (Bayne et al. 2007) , which protects and lengthens telomeres. Conversely, testosterone appears to have fewer antioxidant properties and may even increase oxidative stress, which could contribute to shorter telomere lengths in men (see Aviv et al. 2005; and Barrett and Richardson 2011 for detailed reviews on sex hormones and other biological factors that may contribute to gender differences in telomere length).
At least one prior study found that women's midlife advantage in LTL diminished for older adults (Diez Roux et al. 2009 ). Because of the cross-sectional nature of the study, it is unclear whether the observed decline was due to aging, cohort differences, or survivor bias. If the diminishment was, in fact, due to aging, then the narrowing of the gender gap in telomere length during the post-reproductive years may be attributable to the loss of the protective effect of estrogen after menopause. Notably, as women age and transition through menopause, estradiol (the primary estrogen secreted from the ovary) declines dramatically. Thus, age-related declines in estradiol may lead to accelerated telomere shortening among postmenopausal women. Despite the plausibility of biological explanations for gender and gender-by-age differences in LTL, no prior studies have directly tested hypotheses related to sex hormones or oxidative stress.
While biological mechanisms have received the most attention in the literature on LTL, health behavior may also contribute to gender and gender-by-age differences in telomere length. Courtenay (2000b) has argued that men engage in risky behaviors in order to demonstrate hegemonic masculinity, which is characterized by strength, power, and invulnerability. Men tend to have worse health behaviors than women, including greater rates of smoking, greater processed meat consumption, and higher levels of overweight and obesity (which results from behaviors related to diet and activity) (Courtenay 2000a) , and these behaviors are associated with reduced telomere length (McGrath et al. 2007; Nettleton et al. 2008; Lee et al. 2011) . While demonstrating masculinity is important to men of all ages, a Swedish study found that risk-taking was not a component of the dominant masculinities constructed by men aged 85 and older (Alex et al. 2008 ). This finding is consistent with previous research that found that gender differences in risky health behavior are smaller at older ages because younger men are more likely to engage in risky behaviors than older men (Liang et al. 1999) . Thus, narrowing of the gender gap in telomere length during the post-reproductive years may be due to greater age-related declines in health risk behavior among men compared to women.
Hypotheses
Previous research using data from the MESA study reported that women had significantly longer telomeres than men, and that the gender difference was smaller at older ages (Diez Roux et al. 2009 ). The purpose of the current study was to examine biological Downloaded by [141.211.9 .179] at 12:09 28 October 2014 and behavioral explanations for these observed differences. First, we hypothesized that the effect of gender on LTL would be partially mediated by estradiol, testosterone, oxidative stress, smoking, processed meat consumption, and body mass index (BMI)-all factors previously shown or hypothesized to be related to telomere length. We expected that there would be an indirect relationship in which gender would be related to the proposed biological and behavioral mediators, which would in turn be related to LTL. Given that we hypothesized partial mediation, we also expected to observe a direct effect of gender on LTL in addition to its indirect effect through sex hormones, oxidative stress, and key health behaviors. We expected that the direct and indirect effects would be observed for respondents at all ages. The total effect model is shown in Panel A of Figure 1 , and the mediation model, which includes direct and indirect effects, is shown in Panel B of Figure 1 .
Next, we hypothesized that the narrowing of the gender gap in LTL with increasing age would be partially mediated by estradiol, testosterone, oxidative stress, smoking, processed meat consumption, and BMI. We expected that gender differences in LTL would be greater at younger ages because gender differences in the proposed biological and behavioral mediators would also be greater at younger ages. The total conditional effect model (i.e., the model in which the effect of gender on LTL varies by age) is shown in Panel C of Figure 
Data and Methods

Data
MESA is a population-based longitudinal study designed to identify risk factors for the progression of subclinical cardiovascular disease (CVD) (Bild et al. 2002) . Between July 2000 and August 2002, 6,814 white, African American, Latino, and Chinese American women and men aged 45 to 84 without clinically apparent CVD were recruited from six regions in the United States, including Forsyth County, North Carolina; northern Manhattan and the Bronx, New York; Baltimore City and Baltimore County, Maryland; St. Paul, Minnesota; Chicago, Illinois; and Los Angeles County, California. Each field site recruited from locally available sources, which included lists of residents, lists of dwellings, and telephone exchanges. Telomeres were assessed on a random subsample of 978 white, black, and Latino MESA participants aged 45 to 84 years from the New York and Los Angeles sites who agreed to participate in an ancillary study examining the effects of stress on cardiovascular outcomes (the MESA Stress Study). We excluded 81 premenopausal women, since sex hormones were only measured in men and postmenopausal women, and an additional 46 respondents with missing data on one or more study variables (final n = 851).
Measures
Dependent Variable. LTL was measured by quantitative polymerase chain reaction (Q-PCR) in serum obtained at the baseline examination (Cawthon 2002) . Each sample was amplified for telomeric DNA and for 36B4, a single-copy control gene that provided an internal control to normalize the starting amount of DNA. A four-point standard curve (twofold serial dilutions from 10 to 1.25 ng DNA) was used to transform cycle threshold into nanograms of DNA. Baseline background subtraction was performed by aligning amplification plots to a baseline height of 2 percent in the first five cycles. The cycle threshold was set at 20 percent of maximum product. All samples were run in triplicate, and the median was used for calculations. The amount of telomeric DNA (T) was divided by the amount of single-copy control gene DNA (S), producing a relative measurement of the telomere length (T/S ratio). Two control samples were run in each experiment to allow for normalization between experiments, and periodical reproducibility experiments were performed to guarantee correct measurements. The intra-and inter-assay coefficients of variation for Q-PCR were 6 percent and 7 percent, respectively. Independent Variable. Gender was coded 1 for female and 0 for male.
Biological Mediators. Sex hormones were measured in serum obtained at the baseline visit in men and postmenopausal women. Serum estradiol (nmol/L) was measured using an ultrasensitive radioimmunoassay kit (Diagnostic System Laboratories, Webster, Texas). Total testosterone (nmol/L) was measured directly with a radioimmunoassay kit (Diagnostic Products Corporation, Los Angeles, California). The intra-assay coefficients of variation for estradiol and total testosterone were 10.5 percent and 12.3 percent, respectively. Sex hormones were measured in the Steroid Hormone Laboratory at the University of Massachusetts Medical Center (Worcester, Massachusetts). Gamma-glutamyl transferase (GGT) (U/L), a biomarker of oxidative stress, was measured at the Fletcher Allen Health Care laboratory at the University of Vermont (Burlington, Vermont) using an assay based on methods by Silber, Gandolfi, and Brendel (1986) . The intra-assay coefficient of variation for GGT was less than 5 percent. Downloaded by [141.211.9 .179] at 12:09 28 October 2014
Behavioral Mediators. Pack-years of smoking was calculated as the average number of cigarettes smoked per day times the number of years smoked, divided by 20. Processed meat consumption was the average number of servings per day during the past year of processed meat, including ham, hot dogs, lunch meat, sausage, organ meats, and ham hocks. BMI was the ratio of weight to height squared in kg/m 2 .
Moderator. Age was measured in years.
Covariates. All models included controls for the following potential confounders of hypothesized mediator-outcome relationships: age, race/ethnicity (dummy variables for African American and Latino, with white as the reference category), education (dummy variables for less than high school, high school, and some college, with college as the reference category), and per capita household income (total income/number of people supported). Adjusting for these factors also allowed us to estimate gender differences in LTL net of differences in sociodemographic characteristics between women and men. Descriptive statistics for all study variables are shown in Table 1 .
Analytical Design
The first hypothesis was that the effect of gender on LTL would be partially mediated by estradiol, testosterone, oxidative stress, smoking, processed meat consumption, and BMI. First, LTL was regressed on gender and the covariates to generate an estimate of the total effect of gender on telomere length. Next, each mediator was regressed on gender, along with the covariates. Finally, LTL was regressed on gender, the mediators, and the covariates. The indirect effect of each mediator was calculated by multiplying the path coefficient from gender to the mediator by the path coefficient from the mediator to LTL. The direct effect was calculated as the difference between the total effect and the total indirect effect (i.e., the sum of the indirect effects for each mediator) (Hayes 2009 ). This approach assumed no residual confounding of the mediator-outcome relation and no interaction between the mediator and gender (MacKinnon, Fairchild, and Fritz 2007; VanderWeele 2009 ). We used a directed acyclic graph (DAG), which uses formal rules to depict assumptions regarding causal relationships between variables, to select the appropriate covariates for the models (Glymour 2006 ). In addition, we regressed LTL on each mediator, gender, an interaction term between gender and each mediator, and the covariates. None of the interactions were significant, which suggests that the associations between the proposed mediators and LTL do not differ for women and men (results available from the authors upon request). The second hypothesis was that the interactive effect of gender and age on LTL would be partially mediated by estradiol, testosterone, oxidative stress, smoking, processed meat consumption, and BMI. First, LTL was regressed on gender, gender * age, and the covariates; this model provided an estimate of the total effect of gender on LTL conditional on age. Next, each mediator was regressed on gender, gender * age, and the covariates. Finally, LTL was regressed on gender, gender * age, the mediators, and the covariates. The indirect effect of the interaction of gender and age on LTL through each mediator was calculated by multiplying the path coefficient from gender * age to the mediator by the path coefficient from the mediator to LTL (Hayes 2012) .
We used PROCESS, a SAS macro developed by Hayes (2012) , to test the study hypotheses. PROCESS can accommodate mediation models, including mediated moderation models, with up to 10 mediators operating in parallel (Hayes 2012) . We used bias-corrected bootstrap confidence intervals to test the significance of the indirect effects in the mediation and mediated moderation models (Hayes 2012; Bollen and Stine 1990) . If the Downloaded by [141.211.9 .179] at 12:09 28 October 2014 Table 1 Descriptive statistics for all study variables 
Results
First, we examined whether biological and behavioral factors mediate gender differences in LTL. The results of the mediation model are shown in Table 2 . There was a significant total effect of gender on LTL, controlling for age, race/ethnicity, education, and per capita household income. In fully adjusted models, estradiol did not differ by gender, but women had significantly lower total testosterone, oxidative stress (GGT), smoking, and processed meat consumption than men, as well as significantly higher BMI than men. Of the six proposed mediators, only smoking and processed meat consumption were significantly associated with shorter LTL. The direct effect of gender on LTL was not significant after accounting for the hypothesized mediators, but the bias-corrected bootstrap confidence interval for the total indirect effect of gender on LTL through all the proposed mediators included zero and was therefore not statistically significant. Although the total indirect effect was not significant, there were significant specific indirect effects of gender on LTL through smoking and processed meat consumption. In contrast, there were no significant specific indirect effects of gender on LTL through estradiol, total testosterone, oxidative stress (GGT), or BMI. Next, we examined whether biological and behavioral factors mediate gender-by-age differences in LTL. The results of the conditional mediation model are shown in Table 3 . Controlling for age, race/ethnicity, education, and per capita household income, both the main effect of gender on LTL and the interaction of gender with age were significant. As shown in Figure 2 , probing the interaction revealed that the effect of gender on LTL declined with age and was no longer significant after age 70 (estimates were based on setting covariates to their sample means). In fully adjusted models, the main effect of gender on estradiol and the interaction of gender with age were significant; the main effect of gender on total testosterone and the interaction of gender with age were significant; neither the main effect of gender on oxidative stress (GGT) nor the interaction of gender with age was significant; the main effect of gender on smoking was not significant, but there was a significant interaction of gender with age; neither the main effect of gender on processed meat consumption nor the interaction of gender with age was significant; and neither the main effect of gender on BMI nor the interaction of gender with age was significant. Of the six proposed mediators, only smoking and processed meat consumption were significantly associated with LTL.
After accounting for the hypothesized mediators, the direct effect of gender on LTL and the direct effect of the interaction of gender with age remained significant. There were no significant indirect effects of the interaction between gender and age on LTL through estradiol, total testosterone, oxidative stress (GGT), processed meat consumption, or BMI. Although the indirect effect of the interaction between gender and age on LTL through smoking was significant, gender differences in smoking were larger rather than smaller at older ages. Consequently, controlling for smoking led to a marginal increase in the genderby-age effect on LTL rather than a decrease (from -.0026 to -.0030). This pattern suggests that moderation of the effect of gender on LTL by age was not mediated by smoking, since mediated moderation requires that the direct effect be smaller in absolute value than the total effect (see Muller, Judd, and Yzerbyt 2005 
Discussion
The purpose of this study was to determine whether biological factors, including sex hormones and oxidative stress, and/or behavioral factors, including smoking, processed meat consumption, and BMI, explained previously reported gender and gender-by-age differences in LTL in a population-based study of adults aged 45 to 84 (Diez Roux et al. 2009 ). Explanations for gender differences in telomere length have largely focused on biological factors (see Aviv et al. 2005; Barrett and Richardson 2011) , although no prior studies have directly tested hypothesized mechanisms underlying male/female differences in LTL.
First, we hypothesized that biological and behavioral factors would partially mediate the association between gender and LTL. We expected that there would be an indirect relationship in which gender would be related to the proposed mediators, which would in turn be related to LTL. Consistent with this hypothesis, we found that women had significantly lower levels of total testosterone, oxidative stress, smoking, and processed meat consumption. Contrary to expectations, however, we found no gender differences in estradiol, and we found that women had significantly higher BMI than men. None of the biological mediators were related to LTL, and there were no significant indirect effects of gender on LTL through sex hormones or oxidative stress. In contrast, two health behaviors were significantly associated with LTL: specifically, pack-years smoking and processed meat consumption (but not BMI) were related to shorter LTL, and both of these behavioral factors appeared to be significant mediators of the longer LTL observed among women. Sensitivity analyses stratified by age revealed significant indirect effects of gender on LTL through smoking and processed meat consumption among those aged 65 to 84 but not among those aged 45 to 64. Downloaded by [141.211.9 .179] at 12:09 28 October 2014 Table 3 Regression results for the conditional direct and indirect effects of female gender on LTL (T/S ratio) by estradiol, total testosterone, oxidative stress (GGT), pack-years smoking, processed meat consumption, and body mass index (BMI), n = 851 Indirect effect of the interaction of gender and age on LTL Indirect effect through estradiol (e 1 b 1 )
−.000 .000 −.000 .000
Indirect effect through total testosterone (e 2 b 2 )
Indirect effect through GGT (e 3 b 3 )
Indirect effect through smoking (e 4 b 4 )
.000 .000 .000 .001
(Continued) Downloaded by [141.211.9 .179] at 12:09 28 October 2014 Next, we hypothesized that the interactive effect of gender and age on LTL would be partially mediated by estradiol, testosterone, oxidative stress, smoking, processed meat consumption, and BMI. We expected that gender differences in LTL would be greater at younger ages because gender differences in the proposed biological and behavioral mediators would also be greater at younger ages. Consistent with this hypothesis, we found that women had significantly higher levels of estradiol up to age 58 and significantly lower levels of estradiol after age 71 (results available from the authors upon request). In addition, we found that men had significantly higher levels of testosterone at all ages, but this gender difference was smaller at older ages. Contrary to expectations, we found that gender differences in smoking were larger at older ages and that gender differences in oxidative stress, processed meat consumption, and BMI did not vary by age. The interactive effect of gender and age on LTL was not mediated by estradiol, total testosterone, oxidative stress, processed meat consumption, or BMI. Although the indirect effect of the interaction between gender and age on LTL through smoking was significant, this should not be interpreted as evidence of mediated moderation because controlling for smoking led to an increase in the gender by age effect on LTL rather than a decrease (Muller, Judd, and Yzerbyt 2005) . 
Limitations, Strengths, and Directions for Future Research
This study had several limitations. First, we used cross-sectional data to examine causal models. In order for the conclusions from a mediation analysis to be valid, causal order must be correctly specified (MacKinnon, Fairchild, and Fritz 2007) . While we are obviously confident that gender is not caused by LTL or the mediators, we cannot rule out the possibility that shorter LTL led to changes in the biological and/or behavioral mediators. Furthermore, we were unable to establish time order in the relationships among the mediators. The models assumed that the mediators were operating in parallel, but this may not be a valid assumption. For example, sex hormones, smoking, processed meat consumption, and/or BMI may be upstream determinants of oxidative stress. To the extent that the hypothesized mediators are linked together in a serial rather than parallel causal sequence, we may have underestimated the indirect effects of upstream determinants. Although sensitivity analyses excluding oxidative stress produced substantively equivalent results, longitudinal data are required to validate the assumptions of the parallel multiple mediator model. Longitudinal data are also needed to determine whether the observed patterns reflect either cohort effects (e.g., greater gender differences in smoking in older cohorts) or selection effects (e.g., greater mortality among female than male smokers). Next, measurement error in the proposed hormonal mediators may have led to bias in our estimates of the indirect effects of estradiol and testosterone. The laboratory assays may not have provided optimal sensitivity to detect the low levels of estradiol common among postmenopausal women and men and testosterone among women (Rosner et al. 2013) . The use of more sensitive sex hormone assays could help further refine the understanding of any meditational role of these sex hormones in gender differences in LTL.
Finally, we were unable to test several hypothesized biological mechanisms underlying gender differences in telomere length, including variation in telomere maintenance alleles on the X chromosome, skewed X-inactivation, sex-specific parental imprinting of telomere maintenance genes, and sexual size dimorphism (see Barrett and Richardson 2011) . In addition to exploring these additional biological hypotheses, future studies should examine other potential behavioral mechanisms, such as heavy drinking and sedentary behavior, as well as potential social/psychosocial mechanisms, such as social support and social integration. Downloaded by [141.211.9 .179] at 12:09 28 October 2014
Balancing these study limitations were several key strengths. First and foremost, most prior research on gender differences in LTL has been conducted in small, homogenous samples. While larger, more representative studies have begun to add measures of telomere length, MESA is the only population-based study that we are aware of that includes data on LTL, sex hormones, oxidative stress, and health behavior for women and men-data that are necessary to test hypotheses regarding the mechanisms underlying gender differences in LTL. Another strength of this study was the application of new methods to study mediation and mediated moderation hypotheses (Hayes 2012) . These methods overcame the limitations of earlier methods, such as the causal steps approach, by quantifying and testing the significance of indirect effects and by combining mediation and moderation analytically (Hayes 2009; Edwards and Lambert 2007) .
Future work can refine the present analyses with more extensive data than are currently available. Most notably, longitudinal data could help distinguish aging effects from possible cohort effects, particularly with regard to the significant interaction of gender with age. While our results suggest that women may experience a faster rate of decline in telomere length during the transition from mid to late life, longitudinal data are needed to determine whether there are gender differences in the intra-individual rate of change in LTL over time or whether the cross-sectional results were confounded with cohort effects or affected by survivor bias (since men have a higher mortality rate than women at all ages, unobserved factors, which could be related to telomere length, may have conferred a survival advantage to the men who were older at the baseline examination).
Future studies should also examine the study hypotheses in a younger sample of women and men, as our findings are not generalizable beyond the age range of the population studied. Moreover, because we did not have sex hormone measures for premenopausal women, we were not able to determine whether biological (or behavioral) factors contribute to gender differences in LTL during the reproductive years, when estradiol levels are high. Future studies should include women across reproductive stages. Finally, given prior evidence that hormone replacement therapy protects against telomere shortening in female APOE-ε4 carriers (Jacobs et al. 2013) , future research should consider the extent to which genetic factors moderate associations between sex hormones and telomere length.
Conclusions
In summary, our findings suggest that gender differences in smoking and processed meat consumption contribute to gender differences in telomere length during mid to late life, whereas gender differences in sex hormones and oxidative stress do not. Neither behavioral nor biological factors explain why the gender difference in telomere length seen in this study was smaller at older ages. Longitudinal studies that begin in early adulthood (or even in childhood or adolescence) are needed to assess gender differences in the rate of change in LTL over time; to identify the biological, behavioral, and psychosocial factors that contribute to these differences throughout the life course; and to determine whether gender differences in LTL explain the gender gap in longevity.
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